Soft actuators with the capability to generate programmable and reconfigurable motions without the use of complicated and rigid infrastructures are of great interest for the development of smart, interactive, and adaptive soft electronic systems. Here, we report a new strategy to achieve a transparent and reconfigurable actuator by using a dielectric elastomer actuator (DEA), which provides mechanical strains under electrical bias, integrated with origami ethyl cellulose (EC) paper that "instructs" the shape changes of the actuator. The actuator can be reconfigured and multiple mechanical motions can be programmed in the device by creating crease patterns that induce variations in the local stiffness to direct the actuations. With the versatile design and fabrication approach, a light emission device with dynamic shape changes was demonstrated.
Introduction
Reconfigurable shape changes on demand enable alterable mechanical functionalities for multiple task applications. Emerging progress has been made through the application of different materials and strategies 1 . For instance, modular self-reconfigurable robots can change their shapes by rearranging individual modules to adapt to different circumstances and tasks 2 . Liquid crystal polymer networks that respond to light or humidity stimuli can be reconfigured for different shape morphing by acidic patterning 3 , base treatment 4 , or photochemical programming 5 . Among the varieties of soft actuators, the dielectric elastomer actuator (DEA) has been intensively investigated, with the benefits of scalable dimensions, simple architectures, excellent mechanical compliance, and large deformations [6] [7] [8] [9] , making it an ideal candidate for programmable soft robotic systems. However, conventional DEAs typically show predetermined shape changes. The development of a simple and programmable approach to achieve reconfigurable DEA devices with versatile, fast, and reliable three-dimensional (3D) actuations is still lacking.
The mechanism of DEAs is based on the Maxwell stress (P = ɛ r ɛ 0 E 2 , where P is the generated pressure, ɛ 0 and ɛ r are the dielectric constant of vacuum and the relative permittivity of the dielectric, and E is the electrical field) created on the elastic dielectric layer sandwiched between two compliant electrodes 6, 10 , which induces in-plane strains in the devices. To achieve out-of-plane actuations from DEA devices, additional structure designs are required. For instance, the planar strains could be directed into out-of-plane displacement via integration with a gas chamber [11] [12] [13] . Similarly, other fluids, such as water 14 and silicone gel 15 , were also applied to create pressurized chambers to control the actuation behaviors of DEA devices. Alternatively, DEAs with multiple device layers were embossed onto rigid frames, which confined the lateral expansion of the DEA devices and ensured the direction of the orthogonal displacement 16, 17 . Unfortunately, these approaches require bulky fluid compression systems or rigid frames to direct and confine the actuation behaviors of the DEAs. To circumvent this difficulty, a unimorph structure with layers of different materials in the DEAs provides a simple and effective approach [18] [19] [20] [21] [22] . Representative applications were demonstrated, such as soft grippers, by incorporating rigid fibers into the DEAs 19 and programmable multilayer DEAs 20 . A limitation remains in that the actuation behaviors of these devices cannot be modified from their original design after fabrication. The reconfigurability of DEAs will be addressed in this work.
Origami is a nature-inspired ancient art that can be used to enable variable 3D shape designs through the creation of crease patterns. It has been widely employed in paper art, engineering [23] [24] [25] , biological systems 26, 27 , etc. Utilizing the origami approach, complex shapes and motions can be programmed in soft robotics. For instance, elastomeric artificial muscles were reported by using an origami skeletal structure with a negatively pressurized actuator 28 , soft pneumatic actuators with controllable motions were demonstrated by using stretchable elastomers and origami paper 29 , and soft robots with a 3D origami structure were programmed by using a spatially defined shape memory polymer 30 . In this study, we demonstrate that by employing the origami principle, a programmable and reconfigurable transparent unimorph actuator can be achieved by integrating origami ethyl cellulose (EC) paper with DEAs. EC paper possesses the advantages of high transparency, excellent flexibility and foldability, and robust mechanical endurance 31 . Outof-plane and alterable shape changes can be programmed in the DEA devices by creating reconfigurable crease patterns. Benefitting from the simple and predictable approach, we also demonstrated an emissive actuator with programmable shape morphing by integrating an alternating current electroluminescent (ACEL) device with the reconfigurable actuator, featuring promising applications in camouflage, virtual displays, and other interactive soft electronic systems.
Materials and methods
Fabrication of the EC paper and ionic conductor EC was dissolved in N-methyl-2-pyrrolidone (NMP) or dimethylformamide (DMF) at a concentration of 5% by weight. The prepared solution was casted onto a glass substrate and dried at 80°C for 10 h. Afterward, transparent EC paper with a thickness of 50 µm was achieved and peeled off from the substrate for device fabrication.
The ionic conductor was prepared following the same approach as in our previous report 32 . In brief, poly(methyl methacrylate) (PMMA, average Mw =~350,000), lithium perchlorate (LiClO 4 ), propylene carbonate (PC), and acetonitrile were purchased from Sigma-Aldrich and used as received. The weight ratio between LiClO 4 , PC, acetonitrile, and PMMA was fixed at 1.5:4:16:3. LiClO 4 was first dissolved in 2 g of PC. After the LiClO 4 was fully dissolved, acetonitrile was mixed with the solution, followed by PMMA powder. The mixtures were stirred at 1000 rpm overnight. A viscous and clear gel-like solution was obtained after the PMMA was fully dissolved.
Fabrication of the transparent DEA devices 3M VHB tape (4905) with a thickness of 500 µm was used as the dielectric layer. The ionic conductor was first applied onto both sides of the dielectric layer by stencil printing. After deposition, the ionic conductor was allowed to dry in atmosphere for 30 min to fully evaporate the acetonitrile. The ionic conductor had a thickness of 70 μm after drying. The drying process is important to avoid damage to EC paper due to the presence of solvents such as acetonitrile. Afterward, the EC paper was attached to the dielectric layer with the strong adhesion force provided by the 3M VHB tape (peeling force of 2100 N/m, 3M VHB tape product information). The crease patterns were created by folding the EC paper layer at a bending angle of 180°for~5 min.
Integration with the ACEL device
Fabrication of the transparent DEA device was first carried out following the approach described above. ZnS: Cu microparticles were supplied by Shanghai KPT company. Pure PDMS was prepared by mixing the base and curing agent (Sylgard 184, Dow Corning) with a weight ratio of 10:1. ZnS:Cu and the liquid PDMS were mixed in a weight ratio of 1:1. The liquid mixture was applied onto a glass slide by stencil printing. The deposited film was degassed and thermally cured at 60°C for 2 h, resulting in an~200 µm thick film after curing. The emission film was peeled off from the glass slide and transferred onto the top electrode of the fabricated DEA devices. Another ionic conductor layer was applied onto the emission layer to complete the device fabrication.
Characterization
A function generator (Yokogawa FG 300) was used to generate different waveforms, which were amplified by a power amplifier (Trek, Model PD05034). Emission from the device was collected by an optical fiber connected to an Acton SP-2300 monochromator. Emission spectra from the devices were measured by a Princeton Pixis 100B spectroscopy CCD detector on the monochromator. Displacement of the actuator was measured by a laser displacement sensor (optoNCDT 2300).
Results

Mechanism and characterization of the actuator
The transparent actuator consists of a simple architecture with a dielectric layer sandwiched between two transparent ionic conductor layers and an EC paper layer, as shown in Fig. 1a . Ionic conductors are used as electrodes with excellent transparency (transmittance can reach~100%) and mechanical compliance (stretchability can reach >600% strain depending on the host polymer) 8, 33 . Under electrical bias, the voltage can be effectively coupled onto the dielectric layers due to the large capacitance of the external electrode/ionic conductor interface and the small capacitance of the dielectric layer, as illustrated by the schematic in Supplementary Fig. S1 . A detailed discussion of the working mechanism can also be found in our earlier study 32 or in previous reports 33, 34 . With the excellent transparency of the ionic conductor, EC paper, and dielectric layer, the fabricated device achieved a transparency of 84% at 550 nm, as shown in Fig. 1b . The high transparency provides an advantage for the integration of this actuator with other electronic devices that require light transmittance, such as lightemitting devices, electrochromic windows, and solar cells.
The actuator with a crease line created in the device was investigated first. The device showed a folding motion with respect to the crease line under electrical bias. Figure  1c shows the finite element analysis (FEA) simulation result of the actuator with (top image) and without (bottom image) the crease pattern. Under electrical bias, the Maxwell stress leads to biaxial tensile strains in the dielectric layers. Without the crease pattern, the unimorph structure demonstrates symmetric convex deformation due to the larger Young's modulus of the EC paper and relatively small Young's modulus of the elastic dielectric layer (E EC paper /E dielectric layer = 3.3 × 10 3 at 5% strain; the stress-strain curves of the EC paper and the elastic dielectric layer are provided in Supplementary Fig.  S2 ). By introducing the crease line at the center of the device, the symmetric convex deformation is broken. Instead, the actuator shows symmetric folding with respect to the crease line due to the significantly increased stiffness encountered by the bending in the direction perpendicular to the crease line. A previous study reported a similar effect by embedding rigid fibers in unimorph DEA devices 19 . The approach of crease pattern creation in this study provides a versatile and reprogrammable process to control the actuation behavior on demand after device fabrication. As shown in the FEA simulation result (Fig. 1c, top image) , the strains were distributed with a twofold symmetry with respect to the crease line under electrical bias. The device was recovered with the relaxation of the compression strain in the elastic dielectric layer and the relaxation of the bending strain in the EC paper when the electrical bias was switched off. A flapping motion could be easily programmed in the device by the creation of two crease lines (a square wave electrical bias, 50% duty cycle, 6 kV,~0.5 Hz, was applied), as shown in Supplementary Movie S1.
To characterize the dynamic performances of the DEA device (length × width = 1.5 × 1 cm), half of the device was fixed onto a horizontal substrate. The device was actuated under electrical bias, with changes in the vertical displacement in the other portion of the device, as indicated in the Fig. 1d inset. The vertical actuation at the free end of the device was measured by a laser displacement sensor. As shown in Fig. 1d , the DEA device showed a stable and repetitive vertical displacement of~0.5 mm (~7% of the device length allowed to undergo free motion) with the applied square wave bias (50% duty cycle, 4 kV, 0.1 Hz). The blocked force from the DEA device under different voltages is provided in Supplementary Fig. S3 . The blocked force reached 2 mN at a voltage of 5 kV, which was in a similar range as the unimorph DEA device with multilayers (5 mN and 17.5 mN with 3 DEA layers and 7 DEA layers, respectively, at 5 kV) 20 . The relatively small blocked force from our device could be attributed to the single layer structure and the additional force required to deform the EC paper with a larger Young's modulus under actuation. The mechanical stability of the device was also studied and is provided in Supplementary Fig. S4 .
Reconfigurable motions and programmable 3D morphing with the actuator
The actuation behavior of the device could be reconfigured by changing the crease patterns in the EC paper, which was used as the skeletal structure in the DEA device to control the actuation behavior. By changing the crease patterns, the device demonstrated variable localized mechanical stiffness, leading to different actuation behaviors. With the origami process, different ways to create the crease patterns could be explored to reconfigure the device actuations, as schematically illustrated in the Supplementary Information (Fig. S5 ). This provides a high degree of freedom in reconfiguring device actuation with the origami process. As an illustrative example, we first fabricated a device with two crease lines (the crease patterns were created with the EC paper layer folded inward, as shown in the inset of Fig. 2a) . The device showed a folding motion under electrical bias, as shown in Fig. 2a . The folding angle (as indicated in the inset of Fig. 2a ) of the actuator decreased from 127°to 103°as the applied voltage increased from 0 to 6.5 kV, as shown in Fig. 2b . Subsequently, the crease pattern in the device was reconfigured with the dielectric layer folded outward (as indicated in the inset of Fig. 2c ). With the reconfigured crease pattern, the device showed an unfolding motion under electrical bias. The folding angle (as indicated in the inset of Fig. 2c ) of the actuator changed from 119°to 127°w ith increasing applied voltage from 0 to 6 kV, as shown in Fig. 2d . Changes in the folding angles under actuation could be further improved by using dielectric materials with larger dielectric constants or by using multiple DEA layers.
The DEA devices were programmed to achieve more complex 3D motions. Bidirectional folding of the device was achieved with two DEA devices fabricated on opposite sides of the EC paper. Crease patterns were created with the EC paper folded inward at the two ends of the device. The FEA prediction and corresponding experimental results are provided in Fig. 3a . The top images show the device in the off state. The device showed downward and upward folding at the left and right ends of the device, respectively, as indicated in the bottom images of Fig. 3a . Consistent actuation behaviors were observed between the FEA prediction and experimental results. The dynamic actuation process of the device is provided in Supplementary Movie S2. A self-folding origami box could also be fabricated by creating four crease patterns (with the EC paper folded inward) in the device. The configuration of the device is shown in Fig. 3b . The good agreement between the experimental results and the FEA predictions provides further evidence that the simple and predictable approach is effective in achieving programmable actuation behavior in DEA devices. Movie S3 is provided in the supplementary information, which shows the dynamic actuation process of the device along with the FEA predictions and experimental results.
An emissive flapping device obtained by integrating the ACEL device with the actuator Light-emitting devices with dynamic morphing that can provide graphic displays and shape changes enable interesting applications in volumetric displays, interactive human-machine interfaces, biological systems, and camouflage electronic skins [35] [36] [37] . To illustrate the potential of the approach, we demonstrated an emissive flapping device by integrating the ACEL device with the programmable DEA device, mimicking a firefly that can glow to interact and communicate with other species 38 . Figure 4a shows the architecture of the integrated device. A common electrode was shared between the DEA device and the ACEL device. The cross-section view and equivalent circuit of the integrated device are provided in Supplementary Fig. S6 . Electrical biases were independently applied to the DEA device and the ACEL device. Ionic conductors were used as the electrode for the ACEL device. Similar to the working mechanism in the DEA device, the electrical bias can be effectively coupled to the emissive layer due to its significantly smaller capacitance compared to the capacitance of the external electrode/ ionic conductor interface 32, 39, 40 . A photograph of the integrated device with light emission is provided in Fig.  4b . The ACEL device remained functional in the integrated device under dynamic shape morphing, as shown in the video provided in Supplementary Movie S4. For the emissive flapping device, a constant AC bias (300 V, 50 Hz) was applied on the ACEL device, and a square wave electrical bias (50% duty cycle, 5 kV) was applied on the DEA device. The frequencies of the square wave were ramped up from 1 Hz to 20 Hz. A reduced flapping amplitude was observed under increasing frequency, which could be attributed to the viscoelastic response of the dielectric elastomer. Emission was maintained in the ACEL device under the flapping motion. The emission spectrum of the ACEL device is provided in Fig. 4c , which was centered at~500 nm with a FWHM (full-width-athalf-maximum) of~70 nm. Different emission colors could also be achieved with different active dopants or dopant concentrations in the phosphors 35 . Figure 4d shows a repetitive vertical displacement of~0.68 mm in the device under a square wave electrical bias (50% duty cycle, 5 kV, 1 Hz). The demonstrated device provides a new approach to integrate reconfigurable 3D morphing structures with elastic light-emitting devices, which enables active shape morphing and color changes for interactive electronic interfaces, smart soft robots, and volumetric displays. 
Discussions
This paper has developed a simple and predictable approach to achieve transparent and programmable actuators that can be reconfigured to realize alternative shape changes. With the crease patterns, the tensile strains were symmetrically distributed with respect to the crease line under electrical bias, leading to controllable actuation behavior in the unimorph DEA devices. With the developed strategy, the conventional DEA devices could be programmed to demonstrate diverse 3D shape morphing based on different designs in the crease patterns. An emissive flapping device that could achieve light emission and shape morphing under electrical bias was also demonstrated to illustrate the potential applications of reconfigurable actuation in interactive electronic systems. The developed strategy highlights a promising approach to create sophisticated 3D shapes beyond the capability of conventional DEA architectures, which is believed to find wide applications in soft robotics, biological systems, volumetric displays, and camouflaging electronics. The generated force in the DEA was not as high as that of a previous report 20 , and it can be further improved by using multilayer structures in the DEA devices. The reconfigurable DEA devices will find promising applications in areas such as dielectric elastomer switches 41, 42 , adaptive photonic systems 43, 44 , and displays with configurable surface textures 37, 45 (Supplementary information, Fig. S7 ).
Further investigations on the reconfigurable actuators will focus on improving the operation frequencies of the actuator, which are significantly affected by the viscoelastic properties of the dielectric materials. Elastic polymers with less mechanical hysteresis can be exploited to tackle the challenge. The improved operation frequencies will also help improve the lift force from the actuator under flapping motions. Together with a reduction in the actuator weight, the lift force may be able to overcome the device gravity and achieve controllable flight with origami structure designs in the DEAs. 
